A suicide plasmid, pExp1-ctpA::tetM-recAec, employing recA from Escherichia coli and tetM as a selection marker, was used to generate ctpA knockout mutants in Mycoplasma mycoides subsp. capri through targeted gene disruption. Inclusion of E. coli recA greatly enhanced both the consistency and the recovery of mutants generated by homologous recombination.
Mycoplasmas have the smallest genomes of free-living organisms (15, 23, 32) , yet the range of infections that they cause and their host species are among the most diverse in the microbial world (15) . A major limitation in unraveling the virulence factors of these microbes is the paucity of tools for genetic manipulation (18, 30) . Transposon-based mutagenesis (3, 4, 11, 12, 16-19, 34, 35) , which has been employed to define the minimally essential genes for sustaining life and also to generate mutants of interest (17, 19) , is the most widely used approach to genetic manipulation of Mollicutes. Replicating plasmids based on oriC (2-5, 9, 10, 18, 20, 24) have been used with limited success for heterologous gene expression as well as for targeted gene disruption by single-crossover recombination for a number of mycoplasma species (2-4, 9, 10, 20, 24, 27) . However, many passages are required before they are integrated into the chromosome (5, 27) , and mutants may not be stable.
Although classical double-crossover homologous recombination using a suicide plasmid is potentially a powerful technique, recombination by double-crossover has been reported only for Mycoplasma genitalium, and even then it occurs at a very low frequency (1, 7, 8) . We report here the development of a suicide plasmid for targeted homologous recombination in M. mycoides subsp. capri that incorporates recA from Escherichia coli and tetM as a selection marker and that results in consistent recovery of targeted stable double-crossover mutants. As a target gene for disruption, we chose the M. mycoides subsp. capri ctpA gene (MMCAP2_0241), which confers a proteolytic phenotype that (26) were grown at 37°C in SP4 medium (33); SP4 casein agar was supplemented with a final concentration of 1% skim milk (Difco, Detroit, MI). For growth of mutants, 5 g/ml tetracycline was added to the media. PCRs (Applied Biosystems Perkin Elmer GeneAmp 2400 PCR system) used either 1 g of genomic DNA or 100 ng of plasmid DNA as a template for the PCRs and 30 pmol of the primer (Table 1) .
A tetM-containing fragment cloned from pIVT-1 (22) and flanked by the 5Ј and 3Ј ends of the ctpA coding sequence was cloned into pExp1-ctpA to produce pExp1-ctpA::tetM. The flanking regions were chosen to provide sufficient homologous sequences to facilitate recombination in the target gene (7) (8) (9) . The insertion and the direction were verified by digestion with KpnI. pExp1-ctpA::tetM-recAec included the E. coli recA gene inserted in frame behind the first four codons of ctpA and under the direction of the upstream sequences (USE) and promoter region of ctpA ( Fig. 1A and C). Insertion and direction were confirmed for each step by restriction digestion. For random insertional mutagenesis, M. mycoides subsp. capri was transformed with Tn4001t by polyethylene glycol 8000 (PEG 8000)-mediated chemical transformation (11, 25) . For targeted mutagenesis, M. mycoides subsp. capri GM12 was transformed with either pExp1-ctpA::tetM or pExp1-ctpA::tetM-recAec using PEG 8000-mediated chemical transformation. Mycoplasma capricolum was transformed by electroporation. Disruption of ctpA was confirmed by loss of its proteolytic phenotype and PCR ( Fig. 2A and B) . The location, precise site of insertion, and direction of insertion of tetM into the coding sequence of ctpA were determined by sequencing.
ctpA disruption was confirmed by Southern and Northern blotting. Genomic DNA samples were prepared (DNeasy tissue kit; Qiagen), and Southern blots were hybridized with labeled (DIG High Prime DNA labeling and detection starter kit I; Roche) tetM and plasmid backbone probes. Total RNA was prepared using RiboPure bacteria from early-stationaryphase M. mycoides subsp. capri or M. mycoides subsp. capri 8 CFU of the wild type, 30 g of plasmid DNA, and PEG 8000-mediated chemical transformation. Thus, the experimental conditions were identical, with the exception of the plasmid construct used. Transformation with pExp1-ctpA::tetM resulted in one mutant being obtained by a single-crossover event (Fig. 2C) . Importantly, transformation with pExp1-ctpA::tetM-recAec resulted in multiple mutants obtained by a double-crossover event that was confirmed by DNA sequencing and PCR. Targeted mutation through homologous recombination resulted in replacement of 672 bp of the ctpA coding sequence with a 2,700-bp tetM-containing fragment (Fig. 1B and 2A and B) . The presence and copy number of the tetM gene in all mutants were confirmed by Southern blotting. The absence of transcription of ctpA in the mutants was confirmed by Northern blotting.
Inclusion of recA from E. coli greatly enhanced the recovery of ctpA mutants (Fig. 2C) . With Tn4001t (13) random insertional mutagenesis, the probability of obtaining the desired mutant was 1/674 (0.15%) for M. mycoides subsp. capri and 1/384 (0.26%) for Mycoplasma capricolum. In three independent experiments using pExp1-ctpA::tetM to create a targeted mutation, only 1 of 152 (0.66%) tetracycline-resistant clones screened from a single experiment was identified as a ctpA::tetM mutant. However, when recA was added to the construct, a dramatic and consistent increase in the likelihood of obtaining a ctpA::tetM mutant was observed. In three independent transformation experiments, a disruption in the targeted gene was obtained in 3/14 (21.4%), 4/17 (23.5%), and 4/15 (26.7%) transformants (Fig. 2C) . Importantly, obtaining the desired mutants at approximately the same frequency in each independent experiment demonstrated the high level of consistency with the pExp-ctpA::tetM-recAec construct.
In mycoplasmas, recA is the only recombination gene universally present, but recA is not part of the essential gene set (16, 17) . Recombination events in Mollicutes are likely RecA dependent (14, 29, 31) . Thus, we reasoned we might be able to augment homologous recombination by inclusion of a heterologous source of RecA with a high GC content to minimize recombination with the indigenous recA. In our study, inclusion of the E. coli recA resulted in a 140-fold increase in the percentage of transformants that had the desired mutation. Importantly, all ctpA::tetM mutants that were obtained using pExp1-ctpA::tetM-recAec occurred by double-crossover homologous recombination and are therefore far more likely to be stable. Unlike the mutant obtained by random insertional mutagenesis using Tn4001t, the mutants obtained with pExp1-ctpA::tetM-recAec did not contain remnants of the plasmid backbone, which may also enhance stability. To the best of our knowledge, a successful classical double-crossover homologous recombination using a suicide plasmid in a mycoplasma has been reported previously only for M. genitalium (1, 21) . This simple yet elegant approach provides a significant advance in our ability to manipulate the M. mycoides subsp. capri genome. Like with oriC, this technique may have applicability in other mycoplasmal species. This technique provides a new and promising approach that provides an additional genetic tool to use in unraveling the pathogenic mechanisms by which these microbes induce disease. 
